Single, free-standing GaN nanowires grown by plasma-assisted molecular-beam epitaxy have been investigated with low temperature micro-photoluminescence. The quantitative analysis of the luminescence spectra of around 100 nanowires revealed that each nanowire exhibits its own individual spectrum. A significant fraction of nanowires exclusively emits at energies corresponding to either surface-donor-bound or free excitons, demonstrating that optical properties of individual nanowires are determined by a few impurity atoms alone. The number of impurities per nanowire and their location within the nanowires varies according to Poissonian statistics.
Introduction
Since the advent of microelectronics, the increase in package density and performance of integrated circuits has been driven by the continuous downsizing of Si technology as specified by the International Technology Roadmap for Semiconductors (ITRS) [1] . According to the ITRS, a physical gate length of classical complementary metal-oxide-semiconductor (CMOS) structures of less than 10 nm is expected for the year 2016. Simultaneously, alternative device concepts ("More-than-Moore") such as carbon nanotubes (CNTs) or semiconductor nanowires (NWs) are attracting great interest. The latter show particular promise due to their compatibility with standard Si technology [2] , and the possibility of defining three-dimensional device architectures by combining axial and radial heterostructures. Various devices, such as light emitting diodes, lasers, field effect transistors, photodetectors [3] , and solar cells [4] have already been demonstrated using both as-grown NW ensembles and (dispersed) single NWs.
Independent of the nature of the above mentioned devices (i.e., top-down or bottom-up), their functionality depends on the rigorous control of impurity incorporation. Intentional doping to a certain, welladjusted level defines the semiconducting properties of the material, whereas unintentional impurities may act as traps or nonradiative recombination centers with detrimental consequences for the performance of the device. The doping densities involved are typically at the ppm level, while the concentration of undesired elements should not exceed the ppb range. The implications for nanometer-scaled device components (such as NW-based ones) are obvious: the ongoing miniaturization will inevitably result in devices with a single-digit number of impurity atoms per component. The statistical nature of impurity incorporation thus gives rise to concerns about the resulting variations of the optical and electrical properties between devices. In the extreme case of the total absence of impurity atoms, the properties of the material are so drastically different from the doped one that the device may not function as intended.
Here, we analyze the spontaneous emission of a large number of single, free-standing GaN NWs with the goal of monitoring the inevitable statistical fluctuations of impurity incorporation into these nanoobjects.
Experimental
The NWs were grown self-induced (catalyst-free) by molecular beam epitaxy (MBE) on two differently oriented Si substrates [sample A on Si(001) and sample B on Si(111)] [5] . Further details are given in the Methods section below. The investigated NWs covered a mesoscopic area (200 µm × 200 µm) of these substrates, and temperature gradients or flux variations across the investigated area are hence vanishingly small. In other words, the NWs are fabricated under conditions of maximum cleanliness and exceptionally high uniformity. Based on our previous work [6] , we estimate the absolute upper limit for the concentration of unintentional donors to be less than 5 × 10 16 cm -3 .
For this concentration, for a diameter of about 30 nm, and for a maximum NW length of 300 nm, less than five donors per NW are expected on average. Such low impurity concentrations can be detected only by optical means. As a matter of fact, the presence and number of donors determine the spectral and temporal characteristics of excitonic recombination. Therefore, photoluminescence (PL) experiments are ideally suited to detect impurity fluctuations from NW to NW. Due to the low NW density of less than 1 µm -2 , we are able to optically address single NWs. In order to investigate a larger number of free-standing NWs, we performed micro-photoluminescence (µ-PL) area maps across 100 NWs. Further details are given in the Methods section below.
Results and discussion
Exemplary PL spectra of individual NWs of samples A and B are shown in Figs. 1(a) and 1(b). We can assign the observed emission lines to definite decay channels because the NWs are free of strain. The absence of strain follows from the principle of Saint-Venant [7] which can be stated as follows: if biaxial stress is applied to one end of an otherwise free elastic rod of diameter d this stress will decay to zero approximately within a distance d from the clamped end of the rod. In other words, only the very bottom of the NW close to the interface with the substrate may experience strain. However, cathodoluminescence measurements (not shown here) reveal that the bottom 50-100 nm of the NW do not emit any luminescence at all, possibly due to an escape of photogenerated carriers into the Si substrate or due to the presence of misfit dislocations/ dangling bonds at the NW/substrate interface. In any case, the measured luminescence originates exclusively from the unstrained part of the NW.
Three different energy ranges corresponding to three distinct decay channels are distinguished. First, the recombination of free excitons (FX) in unstrained GaN occurs at 3.479 eV [8] . Second, when free excitons are bound to donors, their transition energy is reduced by their binding energy to the donor. In the case of excitons bound to bulk-like shallow donors (i.e., with a distance from the surface that is larger than the exciton Bohr radius a B ), this binding energy amounts, depending on chemical nature of the donor, to 6-8 meV. The decay of the excitonic complex (D 0 ,X) thus results in an emission line located between 3.471 and 3.473 eV [8] . Note that dielectric confinement as studied by, for example, Muljarov et al. [9] does not play any role for this bulk-like (D 0 ,X) in these NWs, as their diameter still vastly exceeds the exciton Bohr radius. Third, when a donor resides close to the surface, the binding energy of the associated excitonic complex (D 0 ,X) s is reduced [10, 11] and its transition energy is increased, as discussed in detail in Ref. [6] . The reduction of binding energy persists also in the presence of a dielectric mismatch, which now becomes important, independent of the actual dimensions of the NW [11] . The actual transition energy of the (D 0 ,X) s complex depends monotonically on the distance of the related donor from the NW sidewall and is here assumed to span the whole energy range from the bulk-like donor-bound to the free exciton (3.473-3.477 eV). This assumption is reasonable, since the surface-donor binding energy may be reduced to 25% of the bulk value [10] , which translates to a maximum blueshift of 5 meV. For a further quantitative analysis, we thus define energy ranges depicted by the red, green, and blue bars in Figs . In other words, these spectra do not represent one single transition that is subject to a mechanism causing a continuous energy shift such as strain.
Trichromatic µ-PL area maps of samples A and B are shown in Fig. 2(a) . For each pixel in these area maps, the intensity of a given wavelength range is measured and color-coded such that red/orange, green, and blue or free exciton emission. In addition to the donor-bound and free exciton emission evident in these spectra, we found that some NWs of sample B also exhibit transitions around 3.45 eV (not shown here), which are characteristic for GaN NWs, but whose origin is still under debate. Transitions related to acceptor-bound excitons at 3.465 eV are not observed at all.
The above observation of a number of NWs emitting only at the FX energy raises a question of particular interest, namely, whether or not the lack of a (D 0 ,X) line is a meaningful signature for the actual absence of a donor in the NW. Conventionally, one would approach this question by comparing the FX diffusion length of at least 200 nm [12] and the NW dimensions, particularly the length of 300 nm. The exciton thus may or may not experience the short-range potential of the neutral donor and bind to it. However, diffusion is a statistical concept and loses its meaning when dealing with single excitons and donors in the nanoscopic volume of the NW. Considering the sub-wavelength dimensions of the present NWs, the exciton is, at the instant of its creation, a coherent excitation of the entire NW volume with its center-of-mass wavefunction extending throughout the length of the NW [13, 14] . In NWs with a diameter d larger than the exciton Bohr radius a B , this effect has been directly observed by the quantization of the center-of-mass motion of the exciton normal to the NW axis [15] (for a theoretical description of the wavefunction and center-of-mass motion of excitons in NWs, see Ref. [16] ). A donor located anywhere in the NW represents a perturbation of the crystal symmetry and thus of the coherent extension of the exciton. Due to its attractive potential, the donor spatially localizes the excitonic center-ofmass wavefunction and creates a bound state which manifests its presence by a (D 0 ,X) line in the PL spectrum. If these NWs were probed at high excitation density, a single donor would be readily saturated, and FX luminescence would prevail. However, for the excitation density of 10 −2 I 0 used for recording the map in Fig. 2(a) and considering the measured 1/e decay time of about 130 ps, the number of excitons existing at any given time in a NW is actually on the order of one. Consequently, NWs exhibiting only FX transitions most likely do not contain donors at all. Roughly estimated, this is the case for about 25% of the NWs in the area maps shown in Fig. 2(a) .
In a volume as small as that of the present NWs, the number of donors per NW follows a Poisson distribution:
where P λ (k) describes the probability that a NW contains k donor atoms. The probability of an arbitrary atom in the NW being a donor is given by λ. Figure 2( [6] . Figure 2 (b) shows that these latter NWs would already contain 10 donors per NW on average. However, recent experimental results from Sanford et al. [17] suggest that the donor concentration in GaN NWs that have not been intentionally doped may be even lower than the value estimated above (down to 5 × 10 14 cm −3 ).
Finally, Fig. 1(c) shows that at medium excitation density-as used in the area maps-the peaks may actually be a superposition with contributions from several recombination channels. In order to separate these different contributions, we quantitatively analyze the area maps shown in Fig. 1 A and B, respectively. Note that the histograms show only the number of peaks at a specific wavelength, while their intensity is not taken into account. A green spot in the area maps of Fig. 2 (a) may also contain a minor contribution from the (D 0 ,X) transition, which is hidden in the tail of the major, color-determining transition. Both samples exhibit their strongest PL between 3.466 and 3.482 eV, with a minor contribution from the 3.45 eV band for sample B. This band actually appears to be a doublet with peaks centered at 3.45 and 3.458 eV as observed by Calleja et al. [18] . We did not, however, find a single NW exhibiting both of these transitions. Apart from this 3.45 eV band, both samples primarily exhibit contributions from (D 0 ,X) s and FX transitions. The inset of Fig. 3(a) shows the relative occurrence of the three recombination channels. In addition, Figs. 4(a) and 4(b) show these histograms weighed with the actual intensity, and the inset of Fig. 4(a) depicts the relative intensities of the three recombination ,X) s transition as described in Ref. [6] is indeed statistically significant, both in terms of number as well as in terms of intensity.
For the investigated NWs, the number of surface donors in sample A is larger than the number of bulk-like donors, whilst in sample B it is similar to the number of bulk-like donors. Considering their geometry, the high number of (D 0 ,X) s -related peaks is actually not surprising. A significant fraction η of donors is located near the surface, i.e. their distance from the surface is less than their Bohr radius a B . With a being the radius of a (cylindrical) NW, η is given by
In the present case, a = 15 nm and a B = 4.8 nm [19] , yielding η = 0.54 under the assumption of an entirely uniform donor distribution. Surface segregation of impurities [6, 20, 21 ] during growth will enhance η even further. More important, however, is the large number of FX transitions. For sample A around 50% of the observed transitions are related to free excitons, while the corresponding figure for sample B is around 20%. Thus, the histograms demonstrate that the number of NWs without a single donor is very substantial, opening up the possibility of studying excitonpolaritons confined in sub-wavelength NWs.
Conclusions
We have statistically analyzed the emission of freestanding single GaN NWs. We find that even within a mesoscopic sample area, where maximum homogeneity is assured, the luminescence varies strongly from NW to NW. In the limit of small numbers, statistical fluctuations significantly affect the properties of the NWs, in complete contrast to the case of bulk material. Due to the high crystal quality and the small dimensions of the NWs, the mere presence or absence of a single atom may, for example, determine the electrical transport as well as the optical recombination path. Therefore, the observed fluctuations have serious implications for single NW devices, for which a predictable behavior is desired.
Methods
GaN NWs were grown by plasma-assisted MBE on Si(001) and Si(111) without the use of a catalyst, thus avoiding potential contamination by a foreign element. The base pressure of the MBE system was lower than 10 -10 mbar. During growth, only Ga and N (both having 7N purity) were present. Growth occurred at a substrate temperature of 780 °C and under N-rich conditions (N/Ga = 5), similar to the conditions described by other groups [18, 22] . Due to the configuration of the substrate heater in the growth chamber, the wafer experienced a positive temperature gradient toward the edge. As a direct consequence, the nucleation density for GaN was significantly reduced and the nucleation time was considerably prolonged in this region. The time needed for the formation of such a nucleus varied from NW to NW, as thus, also, did their growth time. The resulting NW array had a density of less than 1 μm
, which allowed us to optically address individual NWs in a mesoscopic area of 0.04 mm². Within this area, both the temperature and the atomic fluxes are expected to be essentially perfectly homogeneous. The free-standing NWs in this area were shorter (≤300 nm) and smaller in diameter (≤30 nm) than those in the center of the wafer which had a length of around 400 nm and an average diameter of 40 nm. Due to the varying growth times, only NWs that nucleated at the very beginning of the growth process reached a length of 300 nm. Thus, the actual length varied from NW to NW and many NWs were actually just short stubs (50−100 nm). Scanning electron micrographs (shown in Ref. [6] ) confirm the complete absence of either coalescence of adjacent NWs or parasitic growth of GaN between the free-standing NWs. These samples are thus ideally suited for the study of the intrinsic fluctuations of the impurity incorporation in terms of Poisson statistics.
Photoluminescence measurements of the as-grown NWs were performed at a temperature of 10 K. The NW samples were excited by a HeCd laser with a maximum excitation density of I 0 = 20 kW/cm 2 . The laser spot was focused to a diameter of 3 μm by an ultraviolet microscope objective with a numerical aperture of 0.32. The same objective was used to collect and focus the PL signal onto the entrance slit of an 80-cm spectrometer. One of two gratings with 600 or 2400 lines/mm was applied to disperse the PL signal spectrally, after which it was detected by a liquid nitrogen cooled charge-coupled device array. In order to perform these measurements in a manageable time span, the integration time for each spectrum was limited to 2 s at an excitation density of 10 −2 I 0 .
The quantitative analysis of the PL area maps consisted of several steps: First, spectra recorded in the area between NWs (black spaces in the maps) and also spectra governed by noise were discarded by applying an intensity threshold. Note that most of the latter stem from NW stubs. In principle, these NWs could have been included in the analysis if the noise level was reduced by using a longer integration time. This concerns about 50% of the NWs from sample A and about 80% from the NWs of sample B. The remainning spectra were fitted with a set of four Gaussians, representing the 3.45 eV band, (D 0 ,X), (D 0 ,X) s , and FX transitions. No restrictions were applied to the fitting parameters. For each set, the peak with the maximum ratio r max of peak height to linewidth was determined. In order to reduce the influence of spurious signals due to noise, the remaining peaks (25% for sample A and 55% for sample B) were considered further only if their ratio r i ≥0.1r max . Peaks with r i < 0.1r max were omitted.
